Introduction
Bulk ultrafine-grained (UFG) materials with grain sizes of tens to hundreds of nanometers showing improved mechanical properties without the addition of alloying elements have attracted the attention of researchers in materials science (Inoue et al., 2010a; Kimura et al., 2008) , and microstructural evolution and hardness variation in the UFG materials fabricated by a plastic deformation process such as equal-channel angular pressing (ECAP) (Horita et al., 2000; Segal, 1995) , accumulative roll bonding (ARB) (Saito et al., 1998) , caliber rolling (Inoue et al., 2007b; 2009c; Mukai et al., 2010) , and high-pressure torsion (HPT) shown in Fig.  1 , have been studied in detail (Inoue et al., 2009a; 2010b; Todaka et al., 2008) . Since the microstructural evolution of plastically deformed materials is directly related to the magnitude of plastic deformation, the understanding of the phenomenon associated with the strain development is very important (Inoue et al., 2001; 2007a; . For example, in ARB which is a severe plastic deformation process for realizing UFG microstructures in metals and alloys, the microstructure and texture in a sheet processed by one ARB cycle without lubricant dramatically change depending on the thickness location of the sheet (Kamikawa et al., 2007) . In a rolling process, including ARB, it is reported that these changes are caused by the redundant shear strain imposed by large friction between rolls and sheet. Rolling is an excellent plastic deformation process in the mass production of a metallic sheet, and many reports have been published regarding the rolling characteristics, shape control, and microstructure control through theory, numerical simulations, and many experiments. Figure 2 shows a typical illustration of a rolling process. The classical rolling theory (Underwood, 1952) has been used as a method to qualitatively understand variations of the rolling characteristics of a rolling force and torque against the processing parameters such as the roll diameter, reduction, rolling speed, and friction condition. On the other hand, deformation in sheet metals by rolling has been studied in detail through many experiments and finite element simulations. Flow of metals in rolling experiments makes the presence of the shear deformation clear and qualitative relation between equivalent strain including shear deformation and microstructure through sheet thickness has been reported in the literature (Lee et al., 2002; Sakai et al., 1988; Matsuoka et al., 1997) . However, only a few 24 www.intechopen.com
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studies have been carried out on quantitative correlation between microstructure and strain through a combination of experiments and finite element simulations (Um et al., 2000; Mukhopadhyay et al., 2007) . The embedded-pin method (see Fig. 3 ) is often employed to measure the shear strain through thickness experimentally (Cui & Ohori, 2000; Hashimoto et al., 1998) , but magnitude of shear strain and equivalent strain obtained by this method do not exhibit the exact value (Inoue & Tsuji, 2009b) . Therefore, for controlling the microstructures, it is essential to understand the deformation behavior in the sheet accurately and quantitatively through a combination of rolling experiments and finite element simulations. The shear strain is caused by not only the friction between the rolls and the material surface but also the roll bite geometry, L d /t d (Backofen, 1972; Dieter, 1988) . Here, L d denotes the projected length of the contact arc to the horizontal plane, and t d is the average sheet thickness shown in Fig. 2 . In interstitial free (IF) steel sheets rolled by 50% with and without lubrication, Um et al., 2000 investigated the variations of the strain distribution and the flection of an embedded pin against the roll bite geometry by changing the initial sheet thickness and roll diameter. However, the distribution of the shear strain is not shown and the effect of the roll bite geometry on strain distribution in sheet rolling is not systematically studied. Furthermore, it is not verified that the roll bite geometry is a universal parameter on the strain distribution under unlubricated condition. Hence, it is important to systematically explore the effect of the L d /t d ratio on the magnitude and distribution of strains under various friction conditions using numerical simulations. Moreover, if the magnitude and distribution of strains through the thickness in a rolled sheet can be quantitatively estimated by using experimental data (Kamikawa et al., 2007; Sakai et al., 1988) , L and , measured from the embedded-pin method, as shown in Fig. 3 , a simulation result would provide useful guidelines for analyzing the evolution of microstructures in the ARB process as well as designing the microstructure of the sheet metal by conventional rolling. (Hashimoto et al., 1998) . Here, interstitial free steel of 10 mm in initial thickness was rolled by a reduction of 40% per pass at 973 K using a two-high mill with a roll diameter of 300 mm at a rolling speed of 300 mm s -1 . The L d /t d indicates 3.1 under this rolling condition.
This study aims to exhibit a quantitative correlation between strains and L d /t d in metal sheet rolled under various friction coefficients using finite element analysis (FEA), which is a powerful tool for understanding deformation behaviors during a plastic deformation process. The each strain component and equivalent strain at various thickness locations in the sheet during and after rolling were studied in detail, including L and  measured from the embedded-pin method in rolling experiments. Furthermore, the problem associated with universality of the L d /t d parameter on the magnitude and distribution of strains is discussed.
Finite element model
The elastic-plastic FE simulation was carried out using the FE-code ABAQUS/Explicit ver.6.5-4. A 4-node linear element in a plane strain model, element type CPE4R, was used for sheets of 2 mm and 5.3 mm in initial thickness, t 0 , and the rolls were regarded as the rigid body. No remeshing was carried out in the analysis because the deformed mesh by rolling corresponds to the flection of the pin in the embedded-pin method. The Coulomb condition was used as the frictional condition between the rolls and the sheet,  f =p, where www.intechopen.com
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 f denotes the shear stress,  is the friction coefficient, and p is the contact pressure. Assuming the Coulomb law, a condition to pull a sheet into rolls bite is given by > tan , where  denotes the contact angle shown in Fig. 2 . The flection of the pin in the embedded-pin method makes the presence of the shear deformation clear. The pin flection in pure aluminum (Lee et al., 2002) , interstitial free (IF) steel (Matsuoka et al., 1997; Sakai et al., 1988; Um et al., 2000; Kamikawa et al., 2007) , and Type 304 stainless steel (Zhang et al., 1996; sheets rolled at various temperatures has been observed using this method. In the present study, the condition of a commercial 1100 Al sheet rolled at ambient temperature without lubricant and without front and back tensions reported by Lee et al., 2002 Table 1 . Rolling conditions used in the present study.
In the analysis, the classical metal plasticity models with Mises yield surface, *PLASTIC, HARDENING=ISOTROPIC as keywordin ABAQUS/Explicit, 2006, were employed. The equivalent strain,  eq , imposed by rolling is defined as follows:
where d eq /dt denotes the incremental equivalent strain, and t (steady) is the rolling time.
Since an incremental strain in the x direction, d xx /dt, is equal to a minus incremental strain in the y direction, d yy /dt, under the plane strain condition, the incremental equivalent strain, i.e., the equivalent strain rate, d eq /dt, is represented as below:
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In equation (2), d xy /dt is the incremental shear strain. Since the direction of the shear stress,  f , in a roll bite changes to opposite directions before and after a neutral plane NP, shown in Fig. 2 , the total shear strain, , must be expressed as follows:
Here, the first term in the above equation denotes a positive shear strain, +, induced by the shear stress,  f , before NP, and the second term is the negative shear strain, , by the  f after NP. In other words, the  represents the total magnitude of the shear strain  xy taking into account the deformation history during rolling. At the thickness center with no shear deformation, the d xy /dt is always zero, and the d xx /dt is constant throughout rolling. Hence,  eq at the center agrees with the value 2 / 3 ln{1(1r)} calculated simply from a reduction in thickness independent of the deformation history, where  xx =  yy = ln{1/(1r)} and  = 0.
Simulation results

Mesh dependence of strain in rolled sheet
At first, the appropriate mesh division in the FEA was examined because the magnitude of strain depends certainly on mesh size. Figure 4 shows the variation of the equivalent stain,  eq , at a surface against the initial element length in the thickness direction, t el , for FEA using =0.3 under the rolling condition No. 2 in Table 1 , where the initial element length in the rolling direction, L el , is 0.0231 mm. The figure inset describes the FE mesh near the sheet surface. It is found that  eq at the surface depends strongly on the t el as expected. The  eq increases with decreasing t el and tends to be almost constant at t el below 0.03 mm. On the other hand,  eq at the thickness center exhibited about 0.80 regardless of t el below 0.26 mm. This magnitude corresponds to a value, 2 / 3 ln{1/(1r)}, of equivalent strain calculated theoretically under the plane strain condition, where the reduction r is 0.5 in the present condition. In the present analysis, the sheet thickness was divided into 66 elements, i.e., t el =0.03 mm was used throughout the sheet. Moreover, the sheet length was determined through some simulations on a steady-state of deformation where the strains remains constant along the RD. As a result, the finite element mesh in the sheet with dimensions of 2 mm t ×15 mm L included 20167 nodes and 19800 elements as illustrated in Fig. 5 . Here, a minimum L el is 0.0231 mm at the mid-length (center element), and L el gradually increases toward the front and back from the center. The L el at the front and back edges of the sheet is the same 0.0923 mm. Similar, for the rolling condition No. 9 of t 0 =5.3 mm in Table 1 , t el =0.03 mm was used throughout the sheet. Thus, the finite element mesh in the sheet with dimensions of 5.3 mm t ×15 mm L included 26488 nodes and 26100 elements.
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Center line t el =0.03mm 3.2 Variations of Ls, s, and  eq at the sheet surface with roll bite geometry Figure 6 shows the effect of the L d /t d ratio on the distance from center to surface in RD, Ls, the angle of inclination from the y axis, s, and the equivalent stain,  eq , at the surface of a 50% rolled Al sheet in the friction coefficient range of tan  0.4. The slip areas in (255) 6.7 (201) 5.1 (118) 3.0 (40) slip area 7.5(255) 6.7 (201) 3.0 (40) slip area (255) 6.7 (201) 5.1 (118) 3.0 (40) 5.1 (118) 1.8 (15) 1.8 (15) 1.8(15) Table 1 ).
Furthermore, the s indicates a large value of 45° at = 0.4 even if the roll bite geometry is very small, L d /t d =1.8. The  eq increases with increasing L d /t d under the same  Although the tendency is slight under 0.2, it becomes remarkable under 0.2 at L d /t d 5.1. At = 0.4 of a high friction condition, the  eq exhibits a very large value of 6.0, which is seven times higher than that at the center, 2 / 3 ln{1/(1r)}, under L d /t d = 8.3. On the other hand, under L d /t d = 1.8 the  eq is 1.0, which is slightly higher than that at the center. The variation of  eq at the sheet surface as functions of  and L d /t d is very similar to that of Ls. Using Fig.  6 (a,c), it is considered that the friction coefficient was =0.34 in the rolling experiment under L d /t d = 7.5 reported by Lee et al., 2002 and the  eq of 4.23, which is five times higher than that at the center, was introduced to the sheet surface. Kamikawa et al., 2007 reported that the microstructural parameters, fraction of high-angle grain boundaries and average misorientation, at the surface in the IF steel processed by one ARB cycle at 773K without lubricant correspond to those at the center in the IF steel processed by five ARB cycles with lubricant. The FE result shown in Fig. 6 is consistent with their microstructural results, although a material is different. The results of Fig. 6(c) indicate that the  eq introduced to the sheet surface by rolling under the unlubricated condition is significantly different by the roll diameter even if the initial thickness, nominal reduction, and friction condition are the same. It is clear that  eq at the surface depends on not only the friction condition between the rolls and the sheet but also the roll bite geometry. It is evident from Fig. 6(b,c) that the  eq and s at the surface after rolling with =0.4 under L d /t d = 5.1 agree with those with =0.25 under L d /t d = 8.3. However, in Fig. 6 (a) the value of Ls does not agree at these conditions. Furthermore, although the s for =0.4 under L d /t d  6.7 indicates almost the same value, www.intechopen.com
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the Ls and  eq are different under these conditions. These differences are attributed to the complicated deformation history near the surface, as described in Subsections 3.3.3 below.
3.3 Deformation behavior at various thickness locations in a rolled sheet 3.3.1 Flection of pin after rolling Figure 7 shows deformed meshes of a center part of the FE mesh (center mesh in Fig. 5 ) after rolling with different , corresponding to the pin described in Fig. 2 . Here, the rolling condition No.2 in Table 1 was used. The flection through the thickness becomes larger with increasing . This feature is consistent with the experimental results in which the flection of the embedded pin is larger in a sheet rolled without lubricant than that with lubricant, as shown in Fig. 3 . Although the shear strain and equivalent strain are always calculated from the inclination of the pin, based on equations proposed by Sakai et al., 1988 , the embeddedpin method does not exhibit the exact value of strains, because these equations are derived under three assumptions; I) The ratio of incremental shear strain to incremental compressive strain is constant during rolling; II) The incremental compressive strain is uniform through the thickness; III) Plane strain conditions prevail in the deformation zone. And, the effect of reverse shear deformation after the neutral plane, NP, shown in Fig. 2 , is not considered in these assumptions. As a result, it is clarified from strain histories during rolling shown in Fig. 9 below that two assumptions I) and II) are not proper. Table 1 . Figure 8 shows the distributions of the distance from the center in RD, L, and the angle of inclination from the y axis, , through the sheet thickness after rolling with various  under
Variations of L and  through sheet thickness after rolling
Here, these data were obtained from the values of the integration point for each element divided into 33 through the sheet thickness. In Fig. 8(a) , the L increases with increasing  throughout thickness locations, becomes gradually larger toward the surface from the center, and takes a maximum at the surface. For the same , the L under L d /t d =7.5 is larger than that under L d /t d = 5.1 throughout thickness locations. In Fig. 8(b) , the  similarly increases with increasing , but the distributions of  through thickness are different by . Under L d /t d =7.5, the  for  = 0.1 slightly increases from y=0 (center) to 0.45 and there is a steep increase toward the surface thereafter. The  for  = 0.2 monotonously increases toward the surface. The  for  0.25 increases with the distance y, takes a maximum at a thickness location near the surface, and decreases toward the surface from the location. The feature can be seen clearly in the flection of pin embedded in IF-steel sheets rolled at 973 K under the unlubricated condition, as shown in Fig. 3 (Matsuoka et al., 1997; Hashimoto et al., 1998; Kawabe et al., 1996) . The location where the  takes a maximum is slightly away from the surface with increasing . (Fig. 6(c) ). Table 1 ).
Strain histories during rolling
The histories of the total strain in the x direction,  xx , the total shear strain, , and the equivalent strain,  eq , at five elements, i.e., e1, e4, e7, e17 and e33, through sheet thickness during rolling with  = 0.4 under L d /t d = 7.5 are shown in Fig. 9 , including deformed meshes at times of 0.0875, 0.1, and 0.14 s illustrated in the inset. Here, the NP denotes the time at which the shear stress  f for each element equals zero and the stress in the y direction becomes a maximum (Underwood, 1952) . The e1 corresponds to the element located in the sheet surface, e4, to the element for which the  indicated a maximum value for = 0.4 (Fig. 8(b) ), e33, to the element located in the center, e17, to the element at 1/4 thickness located between e1 and e33, and e7, to the element between e4 and e17. From Fig. 9 , all strains at e17 monotonously increase with increasing time. This means that each strain rate, d xx /dt, d/dt, and d eq /dt, at thickness locations from the center to the 1/4 thickness is almost constant during rolling. Furthermore, the strain rates at e17 increases as a result of www.intechopen.com
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the shear deformation more than that at e33 without . Hence, the  eq at the 1/4 thickness (e17) becomes larger than that at the center (e33) which agrees with the value 2 / 3 ln{1/(1r)} calculated simply from reduction in thickness due to =0 constantly. On the other hand, all strain rates at e7, e4, and e1 near the surface vary during rolling by the  effect, and the  xx and  eq increase as a thickness location approaches the surface (Fig. 9(a,c) ). However, the  at e4 corresponding to the thickness location for which the  indicated a maximum value in Fig. 8(b) is smaller than that at e7 (Fig. 9(b) ). The shear strain rate, d/dt, at e4 is initially faster than that at e7, but the  indicates the same value, += ~2.9, before the NP, because the time of d/dt0 during rolling is longer in e4 than in e7. After the NP, the d/dt at e7 inversely becomes faster than that at e4. Namely, although the positive shear strain, +, is the same at these two locations, the negative shear strain, , at e4 is smaller than that at e7. Table 1 ).
Such shear strain history was not seen in 0.
. This feature is further exhibited in Fig. 10 , where the variations of , +, and  through thickness are shown. Here, the thickness locations corresponding to five elements illustrated in the inset of Fig. 9 are displayed. In Fig. 10(a) , the + initially increases with the distance y. Its incremental rate becomes larger from e17 (y=0.25) to e7 (y=0.4), becomes constant until e4 (y=0.45) thereafter, and shows a steep increase from e4 to e1 (y=0.5). On the other hand, the  gradually increases from e33 (y=0) to e7 (y=0.4), decreases from e7 to e4 (y=0.45), and shows a sharp increase thereafter. The magnitude of  is smaller than that of + throughout thickness locations. As a result, the  which expresses these sums shows a distribution with a sudden dip at y=0.45 near the surface, where the  indicated a maximum value (Fig. 8(b) ). Although a similar variation of  with a maximum was seen in  = 0.4 under L d /t d = 5.1, the  distribution with the sudden dip in Fig. 10(a) does not appear in Fig. 10(b) , where the variations of , +, and  through thickness after rolling with  = 0.4 under L d /t d = 5.1 are shown. In Fig. 10(b) , the magnitude of  is smaller than that of + throughout thickness locations except the surface, and the  exhibits the same magnitude as the + at the surface. The feature which + equals  at the surface was the same in the friction coefficient range of 0.13 0.4 under L d /t d = 5.1. This feature was also observed in 0.10.3 under L d /t d = 7.5, as shown in Fig. 6(b) of T. Inoue & N.Tsuji, 2009 . Consequently, the magnitude of the shear strain + before the NP is larger than that of the reverse shear strain  after the NP through thickness, but these magnitudes exhibit the same value at the sheet surface. Provided that a sheet is rolled with a high friction condition under a large roll bite geometry, the magnitude of + becomes larger than that of throughout thickness due to the sudden dip of  near the surface. 
Strain distributions through sheet thickness after rolling
According to the embedded-pin method (Sakai et al., 1988; Matsuoka et al., 1997) , the "apparent" shear strain,  (pin) , shows a maximum at the thickness location of 0.10.2 from surface, and, hence, the "apparent" equivalent strain,  eq(pin) , also takes the maximum there. Here, in Sakai et al., 1988 , a large roll bite geometry of 9.1 had been empoyed. This is clear from the variation of  through sheet thickness in Fig. 8(b) . The  (pin) is calculated from the inclination of the pin after rolling. Provided the direction of shear deformation remains unchanged during rolling, the  (pin) and  eq(pin) must take their maximum at the surface. However, since the direction of shear deformation changes to the opposite direction at the NP, the inclination of mesh at the surface becomes smaller in the surface layer under high friction and large roll bite geometry conditions, as shown in Fig. 8(b) . Therefore, the  eq(pin)
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measured by the embedded-pin method would be underestimated in the surface layer compared with the "substantial" equivalent strain obtained in the present study. Table 1 ). Figure 11 represents the distributions of the "substantial"  and  eq through the sheet thickness after rolling with various  under the rolling condition No. 2 in Table 1 . Similarly, the distribution of  xx (= yy ) is shown in Fig. 11 because all the strains are associated as shown in Fig. 9 . The  at the thickness center is always zero in Fig. 11(b) . The  for =0.1 takes a maximum at y=±0.25mm (1/4t) and decreases toward the surface thereafter. It is likely that this distribution results from the roll bite geometry L d /t d , because the corresponding strain  xx is constant through the sheet thickness as shown in Fig. 11(a) . The  xx for friction coefficient other than =0.1 gradually increases toward the surface from the center, but for =0.35 and 0.4 there is a sharp raise at the thickness location of 0.050.15 from surface. In Fig. 11(b) ,  for =0.2 to 0.3 increases toward the surface from the center. However, the distributions of  for  0.35 are different from those for =0.2 to 0.3. Especially for  =0.4 there is a sudden dip at the thickness location near surface. It is considered that this behavior is attributed to the decrease in the reverse shear strain  as shown in Fig. 10(a) . If the + and  are the same magnitude regardless of the change in , the total shear strain  might gradually increase toward the surface from the center such as  for =0.2 to 0.3, and, furthermore, larger total shear strain might occur at the surface. On the other hand, in Fig. 11(c) ,  eq at the thickness center is constant regardless of , and its magnitude indicates 0.80 because no shear strain is imposed at the center. Although  eq for =0.1 looks almost constant throughout the thickness, the  eq showed a distribution in the strain range of 0.8  eq 0.83; it increases toward the surface from zero (y=0) at the center, takes a maximum at y ±0.45 mm, and decreases thereafter. It is considered that this distribution is the effect of L d /t d . The  eq for all other  gradually increases toward the surface from the center and shows a distribution with the maximum at the surface. The maximum  eq increases with increasing , and  eq for =0.4 reaches 5.33, which is six times higher than that at the center. The  eq =5.33 corresponds to a 99% reduction in plane strain compression. In the distribution of  eq , a sharp raise or a sudden dip, as seen near the surface of  xx and  are not observed. This means that the equivalent strain  eq that denotes scalar amount varies continuously throughout sheet thickness regardless of the roll bite geometry and the friction between the rolls and the material surface. On the other hand, strains in each component that denote vector amount vary complicatedly in the sheet thickness. Hence, it is found that a much larger  eq can be introduced to the sheet surface through a complicated deformation by the shear strain effect.
Strain distributions in ARB
There are numerous reports on microstructure evolution in various sheet materials by ARB process (Hidalgo et al., 2010; Kolahi et al., 2009; Xing et al., 2002) . In most papers, a rolling by a 50% reduction in thickness is conducted without lubricant, and equivalent strain calculated simply from reduction in thickness has been used regardless of a high friction condition. However, it is found from previous results that equivalent strain introduced in a rolled sheet is different by the effects of not only friction condition but also roll diameter used. From Figs. 6(a,c) and 11(b,c),  and  eq at the surface imposed by the first cycle of ARB at ambient temperature reported by Lee et al., 2002 show the values of 5.60 and 4.23, respectively. That is, a much larger equivalent strain, which is five times higher than that at the center, is introduced to the surface. Here, it is considered that the friction coefficient is 0.34. Moreover, assuming that the same deformation is repeated in the following cycles,  and  eq at the surface in the multi-cycle ARB-processed 1100 Al can be estimated by =5.60 N and  eq =4.23 N, respectively, where N denotes the number of cycles. On the other hand, the  and  eq at the center are calculated by =5.60 (N1) and  eq =0.8+4.23 (N1), respectively. Utsunomiya et al., 1999 showed the flection of the pin in the 1100 Al processed by one ARB cycle at 473 K with and without lubricant under the same roll bite geometry as Lee et al., 2002 . Here, Ls indicated 0.15 with lubricant and 1.5 without it. Since the effect of temperature in the rolled Al or IF steel sheet on the relation among  eq , , and Ls is small in comparison with the friction effect (Um et al., 2000; Inoue & Tsuji, 2009) , it is likely from Figs. 6(a,c) and 11 (b,c) that the strain at the surface is 0.59 and  eq 0.97 for rolling with lubricant and 7.66 and  eq 5.34 for rolling without it. Here, it is considered that the friction coefficient is about 0.12 for rolling with lubricant and 0.40 for rolling without it. That is, equivalent strain and shear strain at the surface in a sheet rolled without lubricant are five times and twelve times higher than the strains with it. Namely,  eq at the surface in the 1100 Al processed by one ARB cycle without lubricant would correspond to  eq in that processed by five ARB cycles with lubricant. Consequently, since ARB process shown in Fig.  1(b) is usually conducted by a 50% reduction of thickness without lubricant to aid bonding, a rolling condition with large roll bite geometry is desirable for fabricating ultrafine-gained materials efficiently.
3.6 Variations of the total shear strain  and equivalent strain  eq against L or  The embedded-pin method has a limitation on the quantification of strains imposed by rolling, as mentioned previously. In particular, the strains near the surface are determined by very complicated histories during rolling, as shown in Fig. 9 . However, if the magnitude and distribution of strains in a rolled sheet can be quantitatively estimated by using experimental measurements, such as L or  observed from the pin flection shown in Fig.  3 , these quantitative strain analyses would be useful for designing the microstructure of the www.intechopen.com
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sheet metal by rolling. Figure 12(a,b) shows the variations of  and  eq with L through sheet thickness for different values of  under L d /t d =7.5 and Fig. 12(c,d) shows the variations of  and  eq with . Here, all data were obtained from the values of the integration point for 33 elements in sheet thickness, as shown in Fig. 8 . The L = 0 and  = 0 correspond to a location of the thickness center.
(a) (c) Table 1 ). Here, e1 denotes data at the sheet surface shown in the inset of Fig. 9 .
In Fig. 12(a,c) , the L and  relations for = 0.1 are significantly different from the relations for other . The  for the  close to tan , which is a condition to pull a sheet into the roll bite, took a maximum at y ±0.25 mm (1/4 thickness) and decreased toward the surface thereafter, as shown in Fig. 11(b) . This is because the distribution of  is dominated by the roll bite geometry L d /t d due to the small effect of . The  for  0.2 increases as the L or  becomes larger, i.e., the thickness location approaches a sheet surface. However, since there is a decrease of the negative shear strain near the surface, as shown in Fig.  10(a) , the  for  0.35 initially increases with increasing the L or , decreases near the surface, and shows a steep increase thereafter. The  relations, except = 0.1, have a good correlation, compared to the L relation. In particular, the variation of  with  until 60° is almost the same despite . It is likely that the  depends strongly on the shear deformation. It is evident from Fig. 12(b,d) that the  eq , including all strain components as defined in equation (2), has very good correlation with the L and . The  eq monotonically increases with increasing the L, and the relation is expressed by  eq = 1.9 L + 0.8, but the  eq sharply increases near the surface by the effect of the shear strain ( Fig.  12(b) ). On the other hand, in Fig. 12(d) , the  eq remains 0.8 calculated by 2 / 3 ln{1/(1r)} in the range of 0 30°, slightly increases with  thereafter, and sharply increases at 70° by the shear deformation effect. It is clear from Fig. 12 that the  eq has better correlation with the L and , than . This means that L and  are determined by a combination of the strains in the x and y directions and the shear strain and their histories during rolling. As shown in Figs. 6 and 8, the deformation behaviors in a rolled sheet depend strongly on not only the friction but also the roll bite geometry, especially when rolling with high friction. Figure 13 shows the variations of  eq with L and , respectively, in a 50% rolled Al with =0.4 under various L d /t d of five rolling conditions, Nos. 1-5, in Table 1 . These correlations agree with the  eq L and  eq  relations shown in Fig.  12(b,d) . Consequently, the L d /t d ratio has a similar effect on  regarding the relation among  eq , L, and  through sheet thickness after rolling. Table 1 ). Here, e1 denotes data at the surface shown in the inset of Fig. 9. 3.7 Universality of the roll bite geometry on strains through thickness in a rolled sheet As a condition to impose a large equivalent strain by rolling, the roll bite geometry is as important a processing parameter as the friction condition. The roll bite geometry L d /t d is determined by the thickness before and after rolling, t 0 and t 1 , and the roll diameter, d  , as shown in Fig. 2 . However, even if the L d /t d is the same value, the deformation behaviors through sheet thickness may be different by a combination of t 0 , t 1 , and d  because the deformation histories during rolling are very complicated under high friction conditions. Figure 14 shows the distributions of  and equivalent strain added by the shear deformation,  eq(shear) , through thickness in the rolled Al with =0.3 under the rolling conditions Nos. 4, 7-9 of L d /t d = 5.1 in Table 1 . Here, the horizontal axis was normalized by the half of sheet thickness after rolling, i.e., 2y/t 1 = 0, 0.5, and 1 indicate the center, 1/4 thickness, and surface, respectively, in the sheet. The  eq(shear) represents the equivalent strain added by shear deformation as defined by  eq  2 / 3 ln{1/(1r)} and equals zero at the center of =0. It is found from Fig. 14(a) that, for all conditions, the  through thickness www.intechopen.com
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does not exhibit exactly the same distribution and magnitude. In particular, the magnitudes for Nos. 4 and 9 at the same r are significantly different from those for Nos. 7 and 8. Table 1 .
Numbers 4 and 9 indicate the same magnitude at all thickness locations except near y/t 1 =0.9. The magnitude of  decreases with decreasing r under the same t 0 (Nos. 4, 7, 8) .
The friction coefficient range of 0.13  0.4 showed a similar feature. This result indicates that the  measured from the embedded-pin method is different by r even if the L d /t d has the same value under the same t 0 . Therefore, we should use a reduction of the thickness, r, as a variable of the L d /t d . In Fig. 14(b) , the  eq(shear) also exhibits the same tendency. At the surface, the  eq(shear) for No. 4 of r=50% is 0.88, which is twice as high as that for No. 7 of r=29.5% and five times higher than that for No. 8 of r=12%. These values are similar to the relations of the equivalent strain calculated simply from the r, i.e.,  eq at the center;  eq = 0.8, 0.4, 0.15 for r=50%, 29.5%, 12%, respectively. Furthermore, although the  at the surface in Nos. 4 and 9 indicated the same value in Fig. 14(a) , the  eq(shear) is larger in No. 4 than in No. 9. This feature was the same in the range of  0.3, and the difference of  eq(shear) at the surface increased with increasing . However, the  eq(shear) at the surface in the Nos. 4 and 9 indicated the same magnitude in the range of  0.25. On the other hand, the  eq(shear) from the center to the 1/4 thickness in No. 4 is in good agreement with that in No. 9 (Fig. 14(b) ). A similar feature was seen in the friction coefficient range of 0.13  0.4. As shown in Fig.  9 , at thickness locations from the center (e33) to the 1/4 thickness (e17), the strain rates are almost constant during rolling. In other words, the magnitude of  eq(shear) at the thickness locations which take a constant strain rate during rolling agrees under the L d /t d ratio with the same r. However, the  eq(shear) from the 1/4 thickness to the surface is not the same magnitude in the range of  0.3, and the  eq(shear) at the locations becomes larger with decreasing t 0 for the same r. Figure 15 shows the distributions of  (1  2y/t 1  0) and  eq(shear) (0  2y/t 1  1) for =0.25. It can be seen that the  eq(shear) and  in No. 4 are almost the same magnitude and distribution as those in No. 9. Consequently, even if the L d /t d is the same value, the strain imposed by rolling does not exhibit exactly the same magnitude and distribution through sheet thickness because the deformation behaviors during rolling are not simple due to the effect of the shear deformation. Under the L d /t d =5.1, the  eq(shear) increases with increasing r for the same t 0 . However, provided that the L d /t d is employed under the same r, the  eq through sheet thickness agrees regardless of the combination of t 0 and d  in the friction coefficient range of  0.25. For high friction of  0.3, the  eq at locations from 1/4 thickness to the surface becomes larger as t 0 decreases, and this tendency becomes more remarkable with increasing . (Fig. 16(a) ) and monotonically increases with increasing r under constant d  and t 0 (Fig. 16(b) ). Under d  and r constant (Fig. 16(c) ), the L d /t d gradually increases with decreasing t 0 , and there is a steep increase at t 0 < 5 mm. Compared to the increases of d boundaries and the subdivision of grains under the deformation with shear strain than under without shear strain using Ni-30Fe alloy and low carbon steel. In other words, it is noted that the shear deformation plays a important role for refining crystal grains. Also, it is known that a shear texture different from a conventional rolling texture develops at the locations where shear deformation is introduced by rolling. Control technology of texture associated with the shear deformation is positively used to improve the deep drawability (ND//<111>) and magnetic characteristic (Goss orientation: {110}<001>). The texture of ND//<111>, which contributes to improve the deep drawability, is produced by a large shear deformation in fcc metals, but its deformation is disadvantageous in bcc metals (Matsuo, 1989) . Therefore, for a study of deep drawability, using a large roller is important for the case of aluminum alloys (fcc), and a small roller is recommended for the case of IF steels (bcc). In study of deep drawability in ferritic rolling of extra low carbon steels, Kawabe et al., 1996 reported that the r-value in the sheet improved more significantly when using a small than a large roller under the same friction condition. They confirmed, using the embedded-pin method, that the improvement in the r-value was the result of the decrease of the shear deformation through sheet thickness. Consequently, in order to study universal relation between microstructure (grain size, texture) and plastic deformation, it is essential to understand the quantity (magnitude) and quality (component) of the strain into materials introduced by a plastic deformation process through a combination of numerical simulations and experimental measurements and observations. And a quantitative relation among the strains, friction, and roll bite geometry obtained from numerical simulations would provide useful guidelines for studying the microstructure design in a rolled sheet and for understanding the quantitative correlation between microstructures and strain in ARB process.
Conclusions
The effect of the roll bite geometry, L d /t d , on the magnitude and distribution of strains imposed in a metal sheet by rolling under various friction conditions was studied using a finite element simulation that takes the deformation history into account. The relation among the strains, distance from center in RD, L, and angle of inclination from the y axis, , was shown through thickness in a rolled 1100 Al. The present results will provide useful guidelines for studying the correlation between microstructures and strain in accumulative roll-bonding (ARB) process as well as the microstructure design in a rolled sheet. The main results are as follows:
1. The deformation through sheet thickness during and after rolling depends strongly on not only the friction condition between the rolls and the sheet but also the roll bite geometry L d /t d . The L d /t d ratio has a similar effect on friction coefficient  regarding the relation among  eq , L, and  through sheet thickness after rolling. In other words, the roll bite geometry is as important a processing parameter as the friction condition for studying microstructural changes through thickness in metal sheet rolling and ARB process. 2. The  eq in a rolled sheet gradually increases toward the surface from the center and shows a distribution with the maximum at the surface. The maximum  eq increases with increasing  or L d /t d . On the other hand, in the total shear strain , there is a sudden
